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Abstract: Smallholder farmers in sub-Saharan Africa (SSA) face multifaceted and co-existing risks,
such as human and animal diseases and pests. Even though smallholder farmers often experience
these challenges simultaneously, interventions to address these challenges are often implemented in
a piecemeal fashion. However, managing agricultural production constraints without alleviating
human and livestock health burdens might not generate significant and sustained benefits to achieve
the desired development outcome (e.g., reducing hunger, malnutrition, and poverty). As such,
building farmers’ resilience and adaptive capacity to co-existing production constraints and health
burdens may require an integrated and holistic approach. Understanding the potential benefits of
an integrated approach would provide critical information, for example, for revisiting the extension
systems and for designing pro-poor holistically integrated interventions to tackle interrelated
challenges facing smallholder farmers. In this paper, we examined the economic benefits of integrated
human–plant–animal health interventions aimed at controlling malaria, stemborer infestations of
crops, and trypanosomiasis, along with beekeeping as a livelihood diversification option in rural
Ethiopia. We developed a whole-farm multiperiod mathematical linear programming model to
examine the economic consequences of the interventions. Our results suggest that relaxing livelihoods
and the human–plant–animal health constraints that farmers face has the potential to at least double
income. The results further show that exploiting the potential synergies among interventions can
generate higher economic benefits. The annual income from the combined interventions is 35% higher
than the sum of the income gains from each intervention alone. Our results support an integrated
approach to achieve holistic outcomes in areas where these development constraints co-exist.
Keywords: co-existing agricultural risks; integrated health interventions; economic benefits;
multiperiod linear programming; Ethiopia
1. Introduction
Smallholder farmers in sub-Saharan Africa (SSA) face multifaceted and overlapping risks.
For example, the simultaneous occurrence of malaria, animal diseases, pest infestations of crops,
and climate change affect smallholder farmers [1–3]. As smallholders, for whom agriculture forms the
basis of their livelihoods, have a limited ability to cope with risks, any shock that reduces agricultural
productivity can have significant impacts on their wellbeing [4–8]. However, managing agricultural
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production constraints without alleviating human and animal health burdens might not generate
significant and sustained benefits for achieving the desired development outcome (e.g., reducing
hunger, malnutrition, and poverty). As such, building farmers’ resilience and adaptive capacity to
co-existing production constraints and health burdens may require a holistic approach. This, in turn,
calls for new and integrated approaches to address multiple constraints [9–18].
In this paper, we examine the impact of introducing integrated health interventions that
address the co-existing constraints of farmers in Ethiopia. These interventions include an integrated
vector management (IVM) package to control malaria, biconical (Ngu) tsetse fly traps to control
trypanosomiasis, and push–pull technology to address stemborer and fodder shortages. All three
interventions are eco-friendly, since no pesticides are used. This, in turn, mitigates biodiversity losses
and public health problems associated with excessive use and misuse of pesticides. In addition to the
above three interventions, improved beekeeping was promoted to relax farmers’ financial constraints
by diversifying their income sources (see Section 2.2 for details of the interventions).
Malaria, trypanosomiasis, and stemborers are major productivity-limiting factors in SSA.
SSA accounts for more than three-quarters of the global cases and deaths due to malaria. Malaria
accounts for 40% of the public expenditure in Africa [19,20]; as a result, malaria creates a huge
economic burden on the region. Furthermore, livestock productivity and draught power performance
are constrained by trypanosomiasis [21–23]. Due to trypanosomiasis, nearly three million cattle die
annually, resulting in a direct economic loss of 1–1.2 billion USD. It also kills more than 50,000 people
annually, although the impact on humans is declining over time. Accounting for the indirect losses,
SSA incurs up to 4.75 billion losses annually [22,24–27]. Similarly, stemborer pests cause losses of up to
20%–88% in crop production in different parts of SSA, exacerbating food insecurity in the region [28–32].
These problems are further aggravated by other biophysical and socioeconomic constraints, such as
natural resource scarcity and degradation and poor access to markets [4,7–9].
Even though smallholder farmers encounter multiple constraints, development policies and
agricultural interventions are often implemented in a stand-alone manner [9]. Malaria control
using insecticide-treated bed-nets and dichlorodiphenyltrichloroethane (DDT) improves human
capital [33,34]. Positive gains were also documented from trypanosomiasis control using vaccines,
insecticide-treated cattle, targets and traps, release of sterile male tsetse flies, and chemicals [23,35–37].
Furthermore, controlling stemborer infestations through parasitoids and push–pull technology was
found to have economically significant gains [38–40].
However, fragmented individual interventions addressing the human–plant–animal health
challenges could be criticized for three reasons. Firstly, individual interventions may not be able to
generate sufficient benefits to sustainably reduce poverty and food insecurity [9–11,18,41]. Secondly,
these interventions might have a small impact, or the impacts might not last long [9,12,42,43]. Thirdly,
implementing individual interventions with little or no coordination could be expensive, which leads
to the suboptimal allocation of scarce resources [44,45].
Cognizant of the above shortcomings, a small but growing body of literature has
started to investigate the potential synergies and trade-offs among interventions. In terms of
increasing productivity income and reducing risks, synergies among crop technologies have been
documented [46–49]. Furthermore, addressing the constraints of the poor through multi-layered
interventions could bring meaningful benefits compared to single interventions [8,12,14]. Contrary to
this literature, a few studies have empirically found that multiple interventions may not necessarily
lead to higher benefits [50,51]. These groups of studies may imply that a big push through
a simultaneous investment in many sectors may not be needed [52]. The debate for or against
multiple interventions seems to suggest that more research is required to fine-tune interventions that
benefit resource-poor farmers.
The interventions and the empirical results reported in this paper offer one of the first attempts
to address the multiple constraints of smallholder farmers. To our knowledge, no empirical study
has so far reported on the impacts of integrated animal–human–plant health interventions. We also
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contribute to the mixed findings of previous studies on the economic gains of multiple non-health
interventions in various contexts [12,14,46–52]. The empirical results support the argument in favor of
multiple interventions. Our results suggest that multiple technologies and strategies relaxing farmers’
production constraints and risks bring higher benefits than single interventions. Our findings fit into the
theoretical literature that argues for a big push to address the social–ecological–institutional limitations
that poor people face [10,17,18,53,54]. Furthermore, the integrated approaches considered in this study
are in line with the United Nations’ Agenda 2030, which calls for a holistic approach to achieving
the Sustainable Development Goals. Thus, this paper provides timely evidence of the impact of the
integrated interventions on rural households facing complex constraints.
The remainder of the paper is organized as follows. Section 2 describes the study area and offers
details on the individual interventions, as well as on the expected synergies among them. Section 3
presents the data together with the whole-farm multiperiod linear programming model used to
examine the economic implications of individual and combined interventions. Section 4 presents our
main results, while Section 5 concludes the paper and points to its implications for future interventions
and policy-makers.
2. Study Contexts and the Interventions
2.1. The Study Area
The case study area, the Chora Boter district, is a semi-arid agro-climatic zone located in the
Oromia Region in southwestern Ethiopia (Figure 1). In the study area, a mixed crop–livestock farming
system is the dominant livelihood strategy. Even though crop production is the primary source of
livelihood, livestock production plays a vital role as a source of food, cash, draft power, and manure
for crop production. Maize is the most important crop, both in terms of volume of production and
consumption. Peppers and chickpeas are the principal cash crops. Due to its good vegetation cover,
the district is one of the high-potential areas for apiculture.
Despite the enormous potential of the district for development, crop and livestock production is
constrained by pests and diseases of animals, humans, and crops. The district is highly malarious,
with a prevalence rate of 1.65% [55]. Tsetse flies and food shortage hamper livestock productivity.
The production and productivity of the major staple food, maize, are affected by stemborers.
Socio-economic constraints, such as limited access to agricultural inputs and limited livelihood
diversification options, hinder the district’s development. The multiple challenges that affect the
farmers of the Chora Boter district are summarized in Figure 2. Partially addressing the livestock,
human, or crop production constraints alone might not bring about the expected development outcomes
(e.g., improving food security) so long as the risk of contracting malaria and trypanosomiasis reduces
the power of both humans and oxen, as well as the capital available for investments.
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Figure 2. Set of multiple human, livestock, environmental, and crop constraints in the Chora Boter
district, which require the integration of multiple interventions to be impactful.
2.2. The Integrated Health Interventions
Since 2005, the International Centre of Insect Physiology (icipe), the Government of Ethiopia,
and donors have been piloting integrated human–animal–plant–environmental health interventions
in the case study area. The interventions include: The demonstration of biconical (Ngu) traps for
controlling tsetse and trypanosomiasis (animal health intervention); the Integrated Vector Management
(IVM) package, including an education campaign for malaria control (human health intervention);
push–pull technology for maize stemborer control (plant/crop health intervention); and improved
beekeeping to generate additional income (environmental health and livelihood intervention).
The animal and human health interventions are community-level interventions, while the plant
and environmental health interventions are household-specific interventions. Figure 3 presents the
pictorial description of the interventions. In the next sub-sections, we discuss each intervention
in detail.
2.2.1. Tsetse Fly Control
Biconical traps were introduced to the study area in 2005 to control tsetse flies, which, in turn,
works to reduce trypanosomiasis infections in livestock. A total of 2780 traps were deployed across the
villages. The direct benefits of these traps include reduced medical expenditure for treating animals,
as well as reduced livestock morbidity and mortality. These direct benefits translate into increased
livestock productivity. Owing specifically to higher survival rates among livestock, one can expect a
significant improvement in food security, mainly due to improved milk production, but also to the
increased sales of livestock and livestock products. One of the indirect effects of minimizing the problem
of trypanosomiasis from an area is that ox power availability for crop cultivation will increase [23]. As
a result, crop production could increase. As the expenditure on livestock treatments declines, farmers
may reallocate the money to other productive activities.
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2.2.2. Mosquito Control
The human health intervention, which is a community-level intervention, was introduced in 2009
to control mosquitos using Integrated Vector Management (IVM). The IVM involves integrating a novel
biological control (Bacillus thuringiensis israelensis (Bti)) for mosquito larvae with community education
and mobilization for managing mosquito breeding sites. The IVM intervention is in line with the
WHO’s global targets set for vector-borne disease control [56]. Between 2009 and 2015, about 25,000
(students, community members, extension officers, and military people) were trained in malaria
education. Similarly, about 3389 mosquito breeding places or places positive for mosquito larvae were
treated with Bti.
The potential direct benefits of IVM include reduced household expenditure on malaria treatment
and prevention. The indirect gains include increased school attendance of children and an increased
amount of quality labor by reducing the number of days lost due to malaria illness, which may translate
into increased farm productivity, higher incomes, and better food security. The IVM intervention is also
likely to reduce t e demand for insecticide sprays, which generates positive environmental benefits
and reduced household expenditure on malaria-preve tion tactics. House old expenditure reductions
such as these can increase farmers’ liquidity, which may, in turn, stimulate increased invest ent in
capit l-i te sive farm tech ologies.
2.2.3. Maize Stemborer Control
Push–pull technology (PPT) was introduced in 2013 as a plant health intervention in the st dy
area. PPT is a planting sys em in which maize is intercropped with a perennial fodder legume called
Desmodium and a perennial fodder grass called Brachia ia [57]. While t e Desmodium has the prope ty
of repelling (“ ush”) stemborers, Brachi ria attracts pests (“pull”). These n tural prope ties of the
fodder crops effectively protect maize from stemborer damage. Desmodi m also fixes nitrogen. Bot
fodde crops protect th soil fro erosion, and also offer high-qu lity livestock feed. The incr ase in
fodder biomass can increase fa mers’ flexibility i making crop production dec sions. The decision on
what crops to grow is al o governed by the fodder supply of each crop, as livestock mai ly depend on
cr p residue [39,57]. The potential direct benefits of adopting push–pull technology in lude crop yield
Sustainability 2020, 12, 2284 7 of 21
gains due to reduced crop damage by stemborer infestations, increased livestock productivity and
production due to high fodder production in terms of both quantity and quality, and improved soil
health—all of which improve farmer households’ incomes and food security levels. The indirect benefits
of push–pull technology principally entail lower production costs and environmental sustainability
due to a reduction in the use of agrochemicals, such as nitrogen fertilizers, pesticides, and herbicides.
2.2.4. Improved Beekeeping
This intervention promotes frame hives, and it is a component of an environmental health
intervention. The intervention also supports the construction of a marketplace for the processing,
packaging, and marketing of honey, which enhances beekeepers’ capacity to produce quality honey.
This intervention offers direct benefits by increasing income, and the indirect benefits include improving
pollination services that bees provide and enhancing environmental conservation. As of 2016, a total
of 1200 improved beehives with colonies were promoted to the local communities.
2.2.5. Expected Synergies Between and Among the Interventions
The individual interventions outlined above have synergetic effects, which can overcome
co-existing risks that farmers are facing. Figure 4 describes the pathways for the synergies between
and among the four interventions. For instance, controlling malaria has the potential to not only
reduce costs for malaria treatment, but also to improve the availability of human capital for new
income-earning opportunities and to intensify agricultural production. The introduction of push–pull
technology, an intensification strategy itself, enables farmers to produce more maize in a smaller area.
With land spared on maize, additional opportunities exist for farmers to diversify into the production
of high-value crops, such as black pepper and chickpeas. In addition, avoiding the use of harmful
chemicals and introducing improved beekeeping to increase pollination services can augment these
synergies further.Sustainability 2020, 12, x FOR PEER REVIEW 8 of 21 
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3. Materials and Methods
3.1. Data Sources
The data for this study came from three sources. Firstly, we collected primary data using
a household survey conducted in 2016. These data were collected from 544 randomly selected farm
households in 19 villages of the district (see Figure 1). We used a structured questionnaire for data
collection, which captured detailed information, including current crop and livestock production
systems, input and output data for crop and livestock production, input and output prices in the
locality, household crop and livestock product consumption data (crops, milk, butter, and honey),
productive assets (labor, family size, cultivated area for each crop, and livestock), utilization of crop
and livestock products, sources of livestock fodder, crop and livestock prices, crop and livestock
technologies (e.g., seeds and beehives), and the land market. Information on the prevalence of malaria
and trypanosomiasis, as well as on their socio-economic impacts (e.g., treatment expenditure, number
of days lost due to malaria), was also collected. Secondly, we gathered additional information using
focus group discussions. Data on the impact of trypanosomiasis on livestock production (prevalence
and mortality rates for different livestock types, calving rate, lactation length, milk offtake, and oxen
power) and malaria (prevalence rate, human labor, and treatment expenditure) were collected from
focus group discussions.
Similarly, we used focus group discussions to collect data on the effect of push–pull technology on
the maize yield trend, lactation length, milk yield, and labor demand for plowing, weeding, harvesting,
and threshing. The data on the absconding rates and lifespans of hives were obtained from focus group
discussions too, as was the average land rental value.
We obtained Desmodium and Brachiaria dry matter data from the on-farm push–pull technology
experiment carried out by icipe in the study area. In addition to the above data sources, we used
information from previously (un)published papers to compute fodder production [58] and livestock
dry matter requirements [59].
3.2. Empirical Methodology
This section presents the conceptual framework, the whole-farm multiperiod linear mathematical
programming model used to estimate the potential economic benefits of the interventions, and the
scenarios used to evaluate these benefits.
3.2.1. Conceptual Framework
The conceptual framework used in this study was based on the theory of the farm household
model [60]. This approach allowed us to capture the non-separability of production and consumption
decisions, as farm households make joint decisions about their production, consumption, and trading,
and such decisions are subject to the full income constraint. Rural input and output markets in
many economies of SSA, including those of Ethiopia, are either underdeveloped or absent. Most of
the household food and livestock feed consumptions, therefore, come from own-farm production.
Moreover, market imperfections create transaction costs. If transaction costs are high, households
find it unprofitable to either buy or sell a good—including labor—in the market, and, hence, remain
autarkic [61]. With imperfect markets and the existence of farm constraints (such as labor and cash),
production and consumption decisions are no longer separable, and conventional microeconomic
theory (unconstrained profit-maximization framework) is no longer suitable for modeling farm
households’ behavior. Furthermore, the farming population of this study jointly practices both crop
and livestock agriculture, and thus a non-separable household model is more suitable for modeling
the farm households’ production, technology, health intervention, and input use decisions.
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3.2.2. Empirical Model
In this paper, we used a whole-farm multiperiod linear programming (LP) model. Previous
studies have used linear programming models to examine the impacts of new technological and
institutional interventions [62–67]. In Ethiopia, the authors of [62] used LP to assess the ex-ante impact
of introducing forage legumes and improved dairy cows into the existing farming system. The LP
model was also used to evaluate trypanosomiasis control activities in south-western Ethiopia [64] and
for diet optimization [65,66]. We opted to use a mathematical programming model in a whole-farm
context because it allowed us to capture not only the complexity of smallholder farming systems
in terms of resource, socio-economic, and market-related constraints, but also to simultaneously
capture the feedback and interaction between and among various activities and resources. It also
generates critical economic insights, including the opportunity costs (shadow prices) of scarce resources
(e.g., farmland) allocated to different enterprises [7]. The selected model also allows the optimization
of the multiple objectives of farmers: Maximizing income, meeting household consumption, and
livestock feed requirements (food-feed first or a safety-first approach).
Based on the information obtained from farmers, researchers, and development experts, we
considered an average time horizon of eight years (2016–2023) in our model. Our information from
these experts indicated that push–pull technology and improved beehives have lifespans of about six
and ten years, respectively, before renewed investments (resowing of perennials or replacement of
beehives) need to be undertaken. The model thus allows farm households to maximize the discounted
annual net income, which is the net present value (NPV), over eight years by choosing the optimal
combination of crop, livestock production, and other livelihood strategies, which are subject to the






 R jtXi jt
(1 + r)t








Ai jtX jt ≤ bit, X jt ≥ 0, (∀i = 1, 2.3 . . . ., K),
where Z is the NPV (value of the objective function), which provides a simultaneous solution of the
combined intervention program for all of the periods considered, and i refers to the ith resource and
constraint. Income earned in the years succeeding the first is discounted with the discount interest
rate (r) to reflect the time value of money. The discount interest rate, which is 18%, is based on the
observed interest rates in the study region [68]. The variable R jt is the net revenue per unit of activity
jth, Xi jt is the level of the jth activity, T is the number of periods, J is the number of possible activities,
and K is the number of different resources and constraints. We considered constraints such as land,
labor, cash, access to technology, access to off-farm labor markets, and access to various sources of credit.
Furthermore, farmers’ decisions are constrained by the need to fulfill food consumption requirements,
either from their production or by purchases in the local market. The parameter Ai jt represents the
quantity of the kth input required to produce one unit of jth activity, while bit is the amount of kth
production resources available to farmers in period t.
Model Activities
Crop activities: The major crop activities consist of mono-cropped maize, maize intercropped
with push–pull technology, sorghum, chickpeas, teff, beans, and peppers. Chickpeas are grown using
residual moisture and are often rotated with maize crops. This rotation activity was considered in the
model specification. Except for maize push–pull technology intercropping, data on the crop-residue
yield for each crop activity were based on grain–straw conversion factors [58]. The fodder data from
push–pull intercropping came from an on-farm experiment conducted by icipe. Crop by-products are
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the primary sources of livestock fodder. Table 1 summarizes the base crop yield and average price
data generated from the household survey. It also indicates the base per capita consumption of such
crops. On average, a household has 3.31 consumer units or adult equivalent units. The total food
consumption will change over time, as the family size in a household is expected to increase annually
by 2.15% [69].
Table 1. Yield, price, and consumption of major crops.
Crop Yield (kg/ha) Unit Price (EthiopianBirr-ETB/kg)
Per Capita
Consumption (kg)
Maize 3255 4 125
Sorghum 1359 4 62
Chickpeas 941 13 30
Teff 731 13 41
Black pepper 708 52 8
Beans 848 6 20
Data source: Own household survey, 2016; ETB, Ethiopian Birr (denotes local currency unit); exchange rate, 1 ETB
(local currency unit) is equal to 0.044 USD.
Livestock activities: Farmers in Ethiopia maintain livestock for draft power, manure, milk,
and insurance against shocks. Based on the survey data, a farm household has two cows,
two oxen, one bull, one heifer, one goat, and four local and two improved beekeeping hives.
For livestock production, we assumed a steady-state (stationary equilibrium) livestock investment [63].
This assumption is important in making a valid comparison of alternative intervention options.
The major outputs generated from livestock activities include draft power, milk, butter, honey, wax,
herd replacements, and culling. The milk production that is not used for household consumption
is processed into butter. As farmers live far from the urban center where milk is in higher demand,
it is difficult to sell milk every day. Based on the survey data, we incorporated productivity and price
parameters for livestock and livestock products into the model.
Consumption, purchase, and sale activities: In addition to production-related activities,
the model also captures consumption activities from crops and livestock, labor-hire and sale, land rentals,
crop and livestock sales and purchases, and livestock product sales. Crop and livestock activities are
associated with variable costs in the objective function—namely, costs for purchasing seed, fertilizer,
and pesticides, hiring labor, and treatment expenditure. In this regard, cash income obtained from
sales can be used to cover the expenses implied by the stated variable costs.
Model Constraints
Human and ox labor: The empirical model accounts for labor and ox power constraints for
plowing, planting, weeding, harvesting, and threshing crops and for livestock keeping. Labor for crop
production is in the form of both family and hired labor. Five human labor (person-days per hectare)
periods of two months each were identified for crop and livestock production based on important
farm operation. For ox labor (ox-days per hectare), we considered only one period (April–May) for
land preparation for all crops, but for the teff crop, two oxen labor periods for land preparation and
planting (June–July) and for threshing (October–November) were considered. The total available
workforce in a household is expected to increase annually by 2.15% due to the growth in family size [69].
The baseline labor available is 2.60 person (man)-equivalents per household.
Household consumption constraint: The model also employs a minimum level of consumption
constraints based on annual subsistence requirements for the average family size. This food-first
criterion implies that the farmer only sells his/her crops and livestock products after the minimum
family food requirement has been met. Therefore, consumption constraints are placed on crop and
livestock production activities. The base per capita crop consumption requirements are presented in
Table 1. The base annual figures for per capita milk, butter, and honey consumption are 35 L, 3 kg,
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and 20 kg, respectively. The total crops and livestock products consumed at home vary from year to
year as the families grows in numbers. The baseline family size is 3.63 adult equivalents.
Land: On average, a representative farm household has 2.75 hectares, including grazing land
(0.75 ha). Farmland constraints are relaxed in the model through renting-in and -out of the land.
Livestock feed demand and supply: The livestock dry matter requirement is met from crop
by-products and grazing land. The dry matter requirement of each animal type is computed as
a function of its weight [53]. Table 2 shows livestock prices and dry matter requirements.
Table 2. Livestock type, product price, and dry matter requirement.





Male/female calf 2200 456
Female adult goat 1300 228
Male adult goat 1700 228
Kid male/female goat 500 228
Culled ox 4500 NA
Culled cow 3500 NA
Culled male goat 700 NA
Culled female goat 700 NA
Butter 133 NA
Source: Household survey, 2016; ETB, Ethiopian Birr (denotes local currency unit); exchange rate, 1 ETB (Ethiopian
Birr local currency) is equal to 0.044 USD; NA, not applicable.
Working capital: The capital required to finance input purchases is covered mainly from farmers’
sources because access to credit in the study area is limited.
Crop and livestock balance: These constraints are included in order to ensure that grain yield
from crop production will be transferred to the subsistence balance and selling equations. In addition,
crop by-products (straw) from crop production are transferred to livestock production. Livestock
balance restriction ensures that there is a balance between production, consumption, and marketing
activities for each livestock-keeping activity.
Livestock transfer constraints: Transfer rows relate the output of one activity to another activity
in the model. Replacement of animals will be made from the existing stock on the farm. Culled animals
and surplus animals over a replacement will be disposed of through sales. To keep the herd structure
constant, the livestock number on the right-hand side of the model is formulated as an equality
(integer) constraint.
3.2.3. Scenarios for Evaluating the Benefits of Interventions
To examine the benefits of the different interventions, we introduced nine scenarios (Figure 5).
The baseline scenario, IP1, reflects farmers’ crop and livestock production and income status in the
absence of the interventions. Scenarios IP2 to IP5 represent individual intervention options, while IP6
to IP9 reflect multiple intervention options. Scenario IP2 introduces tsetse fly traps. Scenarios IP3,
IP4, and IP5 refer to IVM for the malaria control, improved beekeeping, and push–pull technology
interventions, respectively. Scenario IP6 considers push–pull technology and improved beekeeping
interventions jointly, while scenario IP7 combines the push–pull technology, modern beekeeping, and
IVM interventions, and scenario IP8 adds the trap intervention to IP6. Finally, all of the interventions
are combined in scenario IP9 (traps, IVM, modern beekeeping, and push–pull technology). The model
parameters for the intervention scenarios are discussed next.
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For the tsetse control scenario (IP2), the prevalence of trypanosomiasis and livestock mortality
rates with respect to cattle and goats is presented in Table 3. The average disease prevalence was
37% before tsetse fly control and 14% thereafter (an absolute reduction of 23%), while mortalities
decreased from 15% to 5% (Table 3). Farmers’ perceptions of the current disease prevalence (13.8%)
were consistent with the estimated prevalence range of 1.38%–17.15% in Ethiopia [70]. Of the farmers
who were aware of tsetse prevalence, 66% of the sampled farmers believed that the infestation rate of
trypanosomiasis declined gradually. During the focus group discussions, farmers reported that the
impact of trypanosomiasis is high on oxen, especially during planting season, when oxen become weak
because of cultivation and the limited fodder availability during this season. Table 3 also shows that
the calving interval was shorter by one year after the intervention, while milk production increased by
50%, and expenditure on treatment declined by 70% due to the trap intervention.
Table 3. Livestock production parameters with and without tsetse control for modeling the tsetse fly
trap intervention option (scenario IP2).










Cows 45 15 15 5
Oxen 70 30 20 8
Calves 30 20 10 5
Heifers 10 2 4 0
Bulls 10 2 4 0
Goats 55 20 30 10
Average 36.7 14.8 13.8 4.7
Production and Productivity
Calving interval (years) 2 1
Lactation length (months) 6 6
Milk production/cow/day (`) 2 3
Ox power availability (%) 50 100
Treatment expenditure (ETB) 1000 300
Data sources: Focus group discussions and household survey, 2016; exchange rate, 1 ETB (Ethiopian local currency)
is equal to 0.044 USD.
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In the malaria control scenario (IP3), before the IVM intervention, the entire family (100%) fell ill
with malaria, but after the intervention, the prevalence of the disease in the household dropped radically
to 15%. The household survey data reconfirmed that the overall prevalence rate was around 14%,
which corroborates the 15% obtained from the focus group discussions. This result has implications for
farm labor availability (see Table 4), which climbed from 50% to 90% after the intervention. Expenditure
on malaria also fell sharply after the intervention, namely, from 4750 to 453 ETB. This in line with the
drop in malaria prevalence.
Table 4. Parameters for modeling the malaria intervention option (scenario IP3).
Parameter With Malaria Without Malaria
Prevalence rate (%) 100 15
Treatment expenditure (Ethiopian Birr, ETB) 4750 453
Agricultural labor available (%) 50 90
Data sources: Focus group discussions and household survey, 2016; exchange rate, 1 ETB (Ethiopian local currency)
is equal to 0.044 USD.
In the maize stemborer control and fodder production scenario (IP4), 40% of the sample households
were aware of push–pull technology, and 21% of the sample households reported that they use the
technology on their maize plot. The Desmodium and Brachiaria fodder production data were obtained
from the on-farm experimental data. Farmers were unable to determine fodder production because
of the frequent harvest of fodders to avoid competition with maize and also to provide feed to
livestock. Table 5 reveals that the use of push–pull technology affected crop and livestock production
parameters and farm labor demand. The on-farm experimental data obtained by icipe show that
push–pull technology plots had stemborer infestation rates of 4.8% and crop damage rates of 0.75%,
while infestation rates for the mono-crop maize plots were 8.2% and for crop damage rates were 1.8%.
The milk yield reported by farmers is consistent with the milk production data reported in Kenya and
Ethiopia, where milk production increased by 74% and 92%, respectively, due to high-fodder-quality
production from push–pull maize plots [39,71].
Table 5. Parameters for modeling the push–pull technology intervention option (scenario IP4).
Parameter Parameter Value
Maize yield (% from baseline yield) Year 1= 10% increaseYear 2 and above= 15% increase
Desmodium dry matter (tons/ha) 3.6 tons/ha
Brachiaria dry matter (tons/ha) 6.4 tons/ha






Plowing and planting 26 Year 1 = 26, Year 2 = 10
Weeding 26 Year 1 = 16, Year 2 = 8
Harvesting and threshing 22 34
Livestock Productivity
Lactation length (months) 6 8
Milk yield per cow per day (`) 2 5
Data sources: Focus group discussions, 2016, and on-farm field experiments.
In the beekeeping scenario (IP5), improved beehives achieved a 68% higher honey yield on average
(at 27 kg per beehive per year; see Table 6). Since improved beehives—in combination with the use of
a honey extractor from the established marketplace—also improved the quality of the honey produced,
this brought a 54% price premium in the local market (at 94 ETB/kg). The additional parameters used
for the improved beekeeping model are presented in Table 6.
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Table 6. Parameters for modeling the improved beekeeping intervention option (scenario IP5).
Parameter Traditional Beehives Improved Beehives
Honey (kg per beehive per year) 16 27
Wax (kg per beehive per year) 1.5 NA
Lifespan (years) 3 10
Abscondment rate (%) 10 5
Honey price (ETB/kg) 61 94
Wax price (ETB/kg) 250 NA
Beehive price with colony (ETB) 900 1435
Data sources: Household survey and focus group discussions, 2016; exchange rate, 1 ETB (Ethiopian local currency)
is equal to 0.044 USD. Note: Farmers used 0.5 kg wax per improved beehive, which was below the recommended
rate of 1 kg per beehive, contributing to their lower productivity.
4. Results and Discussions
We estimated the whole-farm multiperiod linear programming model using the General Algebraic
Modeling System (GAMS) software. The structure of the multiperiod linear mathematical programming
model and the detailed activities and constraints, along with the parameter values or data, are provided
as supplementary online materials.
4.1. Estimated Economic Benefits of the Interventions
Figure 6 presents the discounted net returns from the use of the different interventions, individually
or in combination, over eight years. In Table 7, we report the annual household income and resultant
per capita yearly income associated with various intervention options. Introducing the livelihood and
health interventions, individually or in combination, substantially increases discounted net income in
comparison to the baseline scenario.
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Table 7. Annual and per capita returns from individual and combined interventions (USD).
Intervention Options Annual Income Per Capita Income
Baseline model 1584 436
Integrated vector management (IVM) package intervention for malaria 1753 498
Trap intervention for trypanosomiasis 1850 510
Push–pull technology intervention for stemborer infestations 3065 844
Improved beekeeping intervention 1904 525
Push–pull technology + improved beekeeping interventions 4101 1130
Push–pull technology + improved beekeeping + IVM intervention 4417 1217
Push–pull technology + improved beekeeping + trap intervention 4485 1236
Push–pull technology + improved beekeeping + IVM + trap intervention 5163 1422
Among the individual interventions, push–pull technology has the highest return. The high return
for push–pull technology may be due to three combined effects: Higher maize yield, milk production,
and biomass feed production, which can increase farmers’ flexibility to switch to high-value crops
(e.g., red peppers, chickpeas); improvements in other livestock production parameters (e.g., the calving
rate); and land sparing, allowing diversification into high-value crops (e.g., red peppers, chickpeas).
The positive income contribution of each intervention is in line with previous studies. Evidence
from six East African countries shows a substantial economic gain (2.5 billion USD) by eliminating
trypanosomiasis [22,72]. Furthermore, a 39% increase in net maize income from push–pull technology
adoption was reported in Kenya [39]. In Ethiopia, the authors of [62] found a 74% increase in net
income due to the introduction of legume fodders into the cereal farming systems.
While the impact of each individual intervention is remarkable, much higher returns are observed
when the interventions are combined. For instance, the income gains double when improved beehives
are combined with push–pull technology. As we combine push–pull technology with each intervention,
the additional gain in net income increases considerably. However, it seems that the marginal
contribution of the trypanosomiasis intervention (traps), together with push–pull technology and
improved beekeeping, is relatively small. This might indicate that the full effects of the traps are only
observed when the human sides of the constraints are addressed (malaria). This argument seems
to work, as the income gains become substantially larger when all of the co-existing constraints are
relaxed. The results clearly show that more significant benefits can be generated by exploiting the
potential synergies that exist between and among the different interventions, because the additional
annual income due to the integration of the combined interventions was 35% (368 USD per capita
per year), higher than the sum of the income gains from each intervention (see Figure 7). These
results are in agreement with the existing literature, which found higher and more significant positive
effects with the integration of technologies compared to individual interventions [7,8,12,14,46,49].
For instance, the authors of [49] found that mango productivity and the income of farmers increase
substantially (6%–95% for mango productivity and 9%–137% for mango income) as the number of
integrated pest management strategies in the same plot increases. Evidence from Ethiopia shows that
the adoption of three crop technologies or practices (cropping system diversification, conservation
tillage, and improved maize varieties) increases net maize income by 137%, as compared to the adoption
of a single technology or practice [46].
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4.2. Impacts on Land Productivity
In addition to income benefits, we also report the benefits of the interventions on resource value.
That is, how improved livelihood and integrated health interventions might alter the values of critical
resources such as land. We show this benefit using the estimated marginal value productivity (MVP),
reported in Figure 8 [62]. The MVP is positive in all scenarios. For example, the marginal value of land
increased from 389 to 878 USD for the PPT intervention in scenario IP5 compared with IP1, the baseline
scenario. Analogously to the economic returns, land productivity was also the highest in scenario IP9,
where all of the interventions were combined. In the Ethiopian Highland, the authors of [62] reported
an increase in land value by 74%–165% as a result of the introduction of improved fodder and dairy
cows into the existing farming s stem of the Ethiopian Highland.
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5. Conclusions and Policy Implications
In this article, we provided evidence of the economic return of introducing multiple health
interventions, which cut across animals, humans, and crops, into the existing farming systems in
Ethiopia. We used a multiperiod linear mathematical programming technique in a whole-farm context.
The approach we used enabled us to optimize farmers’ multiple objectives, including maximizing
income, meeting household consumption, and livestock feed requirements. The interventions and the
empirical results reported in this paper offers one of the first attempts to address multiple constraints
of smallholder farmers simultaneously. The study provides the first empirical results on the impacts
of integrated animal–human–plant health interventions. We also contribute to the mixed findings of
previous studies on the economic gains of multiple non-health interventions undertaken in various
farming systems.
Our findings indicate that significant income and resource productivity gains could be obtained
from integrated animal–human–plant health interventions. Our study confirms that the simultaneous
dissemination of integrated health interventions generates an income of 368 USD per capita higher
than individual interventions. Furthermore, we documented that the income gains from multiple
interventions are moderated partly through better resource-use efficiency and land productivity.
Our results can contribute to building the evidence base for multiple interventions, which can provide
valuable insight to policy-makers and development partners, for example, to revisit the extension
system and to develop integrated interventions aligned with the Sustainable Development Goals to
simultaneously tackle the numerous challenges facing smallholder farmers. However, the successful
implementation of an integrated approach requires the cross-sectional coordination and building
capacity of farmers, because to use more than one intervention can demand extra resources, which are
often constraints for smallholder farmers.
While our study has demonstrated some interesting positive impacts of health interventions,
the findings of this study may need to be interpreted with caution. First, the data for the estimation
came from focus group discussions and cross-sectional household survey data, since baseline data
were not collected. Additional evaluations using a well-designed experiment would allow a deeper
understanding of the economics of integrated health approaches. Second, the model did not include
risk and uncertainty explicitly, although household food consumption and livestock feed requirements
were captured in the model. Third, the full benefits of the interventions have not yet been captured due
to data limitations, which may underestimate their impacts. For instance, controlling tsetse flies and
trypanosomiasis may improve livestock meat productivity. The interventions also have environmental
benefits, but these benefits were not considered. Fourth, given that the case study was conducted
in one district, there might be problems with inferences to the country level. Fifth, our model, like
many other conventional representative farm models, fails to capture heterogeneity and interactions.
Thus, bottom-up modeling approaches such as multi-agent systems could provide further insights for
improved resource allocation and targeting by capturing heterogeneity and the complex interlinkages
between the different production options, resource endowments, and heterogeneous responses to
proposed policy interventions [1,2,7,8]. A final caveat is that, although we demonstrated the income
gains of multiple interventions, we did not examine their relative cost-effectiveness due to a lack of
accurate cost data. However, investigating the costs needed to achieve the income gains associated with
each intervention, either individually or jointly, is critical for drawing a more robust recommendation
on the allocation of scarce public resources [72]. Future research that aims to assess and compare the
relative cost-effectiveness of individual and integrated interventions is thus crucial.
Regardless of these limitations, this case study provides valuable insights into how integrated
health interventions can have a substantial positive effect on improving farm households’ incomes.
Development practitioners need to be encouraged to break through and link across the silos within
their organizations. Embracing complexities instead of stand-alone silver bullets can support such
endeavors toward identifying more synergistic interventions.
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